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Spin and charge excitations in optimally doped Bi2Sr2CaCu2O82d
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We present Raman spectra of low- and high-energy charge and spin excitations in Bi2Sr2CaCu2O82d single
crystals with an optimized critical temperature of 95 K. The prominent feature of the high-energy background
at around 250 meV is a rearrangement of spectral weight inB1g andA1g1B2g symmetry below the critical
temperature, similar to the observations in underdoped and optimally doped Y12xPrxBa2Cu3O72d compounds.
TheB1g spectra can be attributed to magnetic scattering and exhibit below the critical temperature an increase
of scattering intensity indicating an enhanced magnetic coherence in the superconducting state. Scattering in
A1g geometry reflects more incoherent electronic contributions. There, we observe a decrease of scattering
intensity for energies around 120 meV similar to the observations made in superconductor-insulator-
superconductor tunneling spectroscopy or at half that energy with superconductor-insulator-normal tunneling
spectroscopy and angle-resolved photoemission spectroscopy. The resonance enhancement of the rearrange-
ment is rather strong with a maximum above 2.71 eV laser-excitation energy. In the low-energy region, which
is influenced by the effects at higher energies, a gap feature inB1g symmetry is observed yielding a value for
the magnitude of the superconducting order parameter ofD534 meV. This gap feature is influenced by the
orthorhombicity of the crystals and except for a small loss of spectral weight below 25 meV, no gap feature is
visible in A1g scattering geometry. Our experimental results raise questions about the applicability of the
conventional theories for the electronic Raman scattering of the cuprate superconductors, which neglect the
interplay between low- and high-energy excitations.@S0163-1829~98!05929-3#
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I. INTRODUCTION

High-temperature superconductors~HTSC! reveal many
unexpected properties when compared to traditional su
conductors that can be understood within the framework
the BCS theory. Clearly, two of the most important featu
are a predominantlydx22y2 order parameter1–3,34and the ex-
istence of strong antiferromagnetic short-range order in
cuprate superconductors. Another important aspect conc
changes in the excitation spectrum at rather high ener
below the critical temperature (Tc) observed by
superconductor-insulator-normal~SIN! conductor and
superconductor-insulator-superconductor~SIS! tunneling
spectroscopy,4 angle-resolved photoemission spectrosco
~ARPES!,2,5 and Raman spectroscopy.6 These changes revea
that the energy scale that describes the effects of super
ductivity is not uniquely set by the value of the superco
ducting order parameterD but also by J, the value of th
superexchange energy.

Raman spectroscopy is one of the experimental te
niques providing information about low- and high-energy e
citations of the HTSC.7–14 It has clarified the importance o
antiferromagnetic and charge excitations in this class of
terials. The Raman spectra from the antiferromagnetic p
PRB 580163-1829/98/58~6!/3462~6!/$15.00
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cursor phases of the HTSC are dominated by a broad a
ferromagnetic two-magnon excitation15–20and sharp phonon
structures at excitation energies below 0.1 eV.21–23 Whereas
the observed spectral features and their line shapes in
antiferromagnetic regime are understood to some extent,19,24

the description of the high-energy response in doped
superconducting materials still causes severe problem25

Upon doping holes into the precursors, the high-energy
citation broadens and shifts towards lower energies, bu
persists in the metallic phase even for optimally dop
samples.7,13,26

It is well established that in optimally doped compound
signature of the superconducting gap for energies of the
der of 2D can be seen in the Raman response.3,12 The inter-
pretation of the experimental data relies on theories that
based on the approach of Klein and Dierker27 using the mass
part of the interaction of light with superconducting electro
of a conventional electron gas exhibiting a gap in its exc
tion spectrum. Deverauxet al.3 have argued that the differen
energies for the pair-breaking peak inA1g , B1g and B2g
symmetry seen in the superconducting state of the HTSC
only indicate an anisotropic order parameter, but differ
frequency dependencies can be expected in the limit of sm
Raman shifts ford- ands-wave order parameters. In particu
3462 © 1998 The American Physical Society
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lar, for a d-wave order parameter one would expect anv3

power law forB1g symmetry. However, experimentally it i
found for Bi2Sr2CaCu2O82d that an approximatev3 power
law applies for Raman shifts up to energies of 2D.3 Though
some progress has been made in fitting the observed
shapes and reproducing the observed relative scatterin
tensities for different polarization geometries,28 these model
calculations invoke neither interactions between low- a
high-energy excitations, i.e., the incoherent part of the e
tronic response, nor any resonance Raman effects. The
portance of resonance effects for the gap feature has
already demonstrated by Kanget al.,29 who found for
Tl2Ba2CuO6 that the intensity and the power law depends
the laser-excitation energy.

Recently, Ru¨bhausenet al. found in underdoped and op
timally doped Y-123 compounds a superconductivi
induced effect at high energies of the order of 250 meV, i
roughly at 8D.30,6 The observed feature is very broad and
optimal doping it also influences the low-energy regio
Thus, this effect reveals a subtle aspect of the interac
between the low- and high-energy excitations.

Here, we present Raman spectra that illuminate the
evance of changes induced by superconductivity in the h
energy excitations and discuss their importance for und
standing of the low-energy features in the context of cha
and spin excitations. Moreover, we show th
superconductivity-induced effects at high energies are m
likely a general property of the HTSC as they occur in bo
BSCCO-2212 and Y-123 families of the cuprate superc
ductors. We also try to make connections to the results
tained by other experimental techniques, such as ARP
SIS, and SIN spectroscopy.

II. EXPERIMENT

We studied single crystals of Bi2Sr2CaCu2O82d
~BSCCO-2212! that were grown using a variation of th
travelling solvent floating zone process in a double-mirror
image furnace~NEC SC-M15HD! modified with an externa
homebuilt control for very slow growth. Growth was carrie
out without solvent from high density, carbonate-free, sin
phase rods. Absence of impurities, nearly perfect stoichio
etry, and high cationic homogeneity yielded sharp superc
ducting transitions at 95 K. The transition shown in Fig. 1
95 K has a width of less than 1 K and is the highest transitio
temperature yet obtained from the pure BSCCO-2212 ph

Raman spectra were recorded with a Dilor XY multicha
nel set up equipped with a liquid-nitrogen-cooled backil
minated charge coupled device and corrected for the spe
response as described elsewhere.18 During the measure
ments, which were perfomed on freshly cleaved surfaces
samples were placed in a closed-cycle cryostat and meas
over the temperature range from 10 to 300 K. We focu
the light from an Ar-ion laser with excitation wavelengths
458, 476, 488, 502, and 514 nm to a spot of 100m m diam-
eter using power densities of 10 to 50 W/cm2. This resulted
in an effective temperature-dependent heating31 of between 5
and 20 K calculated using the known thermal conductivity
BSCCO.32 In presenting the spectra, we give values for t
effective temperatures. All spectra have been corrected
the thermal-Bose factor. In order to denote the scatte
ne
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geometries, we use the Porto notation as described elsew
in detail.6 The two important scattering geometries deno
asz(x,y) z̄ andz(x,x) z̄ correspond for BSCCO essentially t
B1g andA1g1B2g when assuming a tetragonal lattice. In th
figures, we use Raman shifts in units of cm21, which are
roughly converted to meV when divided by eight.

III. RESULTS AND DISCUSSION

In Fig. 2 we present the low-energy Raman data from
BSCCO-2212 single crystal using an excitation energy
2.41 eV in z(xx) z̄ and z(xy) z̄ scattering geometry at tem
peratures of 14 and 100 K. The spectra show the well-kno
symmetry dependencies of the phonon modes.22,23 In B1g

FIG. 1. Magnetically measured transition temperature of an
timally doped BSCCO-2212 single crystal.Tc is 95 K, the transition
width is below 1 K.

FIG. 2. Raman spectra taken from 50 to 1000 cm21 in A1g

1B2g and B1g symmetry as denoted in Porto notation at 100
~solid line! and 14 K ~dots!. The spectra reveal the well-know
symmetry-dependent phonons and the opening of a gap inB1g ge-
ometry. The bold solid line is av3 fit to the data. The spectra ar
shifted upwards as indicated.
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3464 PRB 58RÜBHAUSEN, GUPTASARMA, HINKS, AND KLEIN
symmetry, hardly any phonon feature can be observ
Therefore, this scattering geometry probes predominantly
charge and spin responses and enables us to identify u
biguously the pair-breaking peak and the correspond
power laws belowTc . The gap feature is clearly visible an
appears around 500 cm21, leading to a maximum value o
2D/kBTC'7. The power law exhibits a nonlinear behavi
and is to a good approximation proportional tov3 as indi-
cated by the bold solid line. The absence of any clear
feature inA1g1B2g symmetry is remarkable, as a peak
slightly lower energies than forB1g symmetry has previously
been observed for single crystals with aTc of '90 K.33

Instead, we observe a small decrease of spectral weigh
low 200 cm21. This reduction of spectral weight might ind
cate an opening of a gap in this scattering geometry at m
smaller frequencies than forB1g symmetry and, in turn,
would indicate a much larger anisotropy of the order para
eter than usually observed in other Raman experiments.33

The influence of the orthorhombicity on the Raman sp
tra is shown in Fig. 3. The dependence of the phonon mo
on thex andy directions of the crystal axis has been pre
ously observed by Liuet al.22 The modes at 129, 180, 295
and 630 cm21 are especially strong inz(yy) z̄ geometry. In
z(yx) z̄ geometry the phonon at 285 cm21 is analogous to the
strongB1g feature in YBa2Cu3O7.

23 Moreover, theB1g spec-
tra reveal the influence of the orthorhombicity on the g
feature. The pair-breaking peak around 500 cm21 is more
prononounced inz(xy) z̄ than in z(yx) z̄ geometry. Further-
more, the scattering intensities in the low-energy limit a
different for the two polarization geometries. Inz(xy) z̄ ge-
ometry the intensity fluctuates around zero below 150 cm21

and exhibits more clearly av3 power law than the scatterin
intensity in z(yx) z̄ geometry, which is more linear an
whose scattering intensity is above zero for the lowest m
sured frequency of 45 cm21. An influence of the orthorhom
bicity on the gap feature is not surpising, given that the m

FIG. 3. Raman data from 50 to 1000 cm21 in A1g1B2g andB1g

symmetry as denoted in Porto notation at 14 K. The spectra re
the well-known influence of the orthorhombicity on the phono
The spectra are shifted upwards as indicated.
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part of the interaction of light with electrons in the solid ca
be easily related to the band structure,27 which in turn be-
comes influenced by the orthorhombicity.

Even more important is the influence of the Raman c
tinuum, which exceeds energies of more than 1 eV, on
pair-breaking peak. Figure 4 shows the high-energy c
tinuum between 6 meV and 1 eV forA1g1B2g ~solid line!
and B1g ~dots! geometry. In order to show the effect mo
clearly, we have scaled theA1g1B2g data with a common
factor of 0.7060.05. At 300 K a constant and featureles
background is visible, and both scattering geometries ma
each other across the whole frequency range. This is v
similar to the observations in underdoped and optima
doped Y-123 compounds.7,9,13,14,30Upon cooling no drastic
changes are visible. BelowTc , changes of spectral weigh
occur in an energy range between 800 and 3000 cm21 that
are different inA1g1B2g andB1g symmetry. This is, again
analogous to the rearrangement in underdoped and optim
doped Y-123 compounds. It is worthwhile to remark that t
traditional theories for the pair-breaking excitation negle
any effects of the high-energy background on the low-ene
region. However, from our measurments it is clear that th
is some interference between these two energy regions.

In the previous work of Ru¨bhausenet al.6 on the Y-123
compounds, we have carried out an analysis of the exp
mental data within thet-J model assuming an interactio
Hamiltonian that consists of a superexchange~spin! and an
effective-mass~charge! scattering term. The response fun
tion R(v ) can then be written asR(v )5Rspin(v )
1Rcharge(v )1Rspin-charge(v ). Here,Rspin(v ) is the response
function of the superexchange mechanism alone leading
damped two-magnon feature andRcharge(v ) is the response
function from the incoherent density of states of an unc
ventional Fermi liquid.36 The interference term
Rspin-charge(v ) is due to mixed excitations of spins an

al
.

FIG. 4. Raman data from 50 to 7500 cm21 for various tempera-
tures. TheA1g1B2g ~solid line! andB1g ~dotted line! responses are
scaled to match above 3000 cm21. The spectra are shifted upward
and temperatures are given in the figure. The inset shows the
grated difference for the different scattering symmetries, i.e.,
temperature dependence of the rearrangement.
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charges. For underdoped compounds we have found an
hanced scattering intensity in an energy range between
to 300 meV for temperatures of 200 to 100 K, most like
due toRspin-charge(v ), which was not observed for optimall
or overdoped samples. We have argued that this chann
characteristic of the system near an antiferromagnetic in
bility and might be related to the pseudogap regime.6 As
expected, in the optimally doped BSCCO, this contribut
is clearly not apparent. BelowTc , the spin and charge sys
tem become less coupled due to the termination of scatte
channels. Then the spectrum would be a simple superp
tion of charge and spin contributions. Hence, we interp
the broad peak around 1800 cm21 in B1g geometry as a
damped two-magnon excitation. This view is supported
studies of Blumberg et al.,26 who found in the
BSCCO-2212 system a shift of the two-magnon peak
wards lower energies which is consistent with the obser
tion of the doping dependence of the two-magnon excita
in Y-123.7,9,13,14

In the following we carry out our analysis by investiga
ing the observed symmetries separately. In Fig. 5~a! we dis-
play the A1g1B2g symmetry for temperatures of 300 an
105 K. Clearly, as mentioned before, no change is visi
aboveTc . However, belowTc , Fig. 5~b! reveals a suppres
sion of spectral weight starting below 1000 cm21. There is a
small enhancement of spectral weight around 4000 cm21 and
above 6000 cm21 no change of the scattering intensity
visible. When considering theA1g response as strongly re
lated to the incoherent electronic properties of the cuprate
is quite tempting to relate our results to those obtained
ARPES, SIN, and SIS tunneling spectroscopy.4,2,5 On these
cases a suppression of the spectral weight related to th
coherent electronic states is also visible. Let us consider
the situation as encountered by Raman spectroscopy. T
we couple the light to a polarizability bubble and the o
served scattering intensity can be expressed asI (v)
}Im @R(v)# where

FIG. 5. Raman data from 50 to 7500 cm21 for various tempera-
tures. TheA1g1B2g reponses are shown at 300 K~solid! and 105 K
~dots! in ~a! and 300 K~solid! and 14 K~dots! in ~b!. The suppres-
sion of spectral weight is strongest around 1000 cm21 in ~b!.
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R~v!5 (
k,k8,v8

Gk8~v1v8!Gk~v1 !Gk,k8~v,v8!. ~1!

Here Gk,k8(v,v8) is the vertex part that describes the co
pling of light to the polarizability bubble, which is expresse
by the particle propagatorsG k’ (v1v8) and G k(v8). For
the particle propagators, Dyson’s equation applies, and
the vertex part, the Bethe-Salpeter equation applies.
Bethe-Salpeter equation consists of a term representing
bare vertex and a term that describes the interaction betw
two propagators. A change of the response function can
due to the propagators or the vertex part in Eq.~1!. Of
course, different experimental techniques have different b
vertices and the importance of vertex corrections can v
with the experimental probe. In a situation where strong c
tributions of incoherent scattering need to be considered,
crucial not to neglect vertex corrections for, e.g., a Ram
experiment. Vice versa, for SIS tunneling spectroscopy
can safely use the bare vertex, since the two propagator
Eq. ~1! belong to different parts of the material and the i
teraction between them is small. Then the SIS tunneling
periment essentially displays the joint density of states of
electronic response, just as an electronic Raman spectru
one would be able to neglect vertex corrections. Therefor
is very useful to compare both techniques in order to fig
out the contribution of the vertex part for the Raman spec
In SIS experiments a clear suppression of spectral we
having a minimum around 120 meV can be seen,4 comparing
well with the energy scale observed in the Raman exp
ments, where the strongest suppression occurs around
meV, i.e., 1000 cm21. However, the width of the feature in
the SIS experiment is 90 meV or only a third of the wid
observed in the Raman spectra. The latter is most likely
lated to the vertex part, since additional vertex correctio
would have the tendency to smear out the suppression. F
SIN experiment one of the propagators of Eq.~1! corre-
sponds to a normal metal and its imaginary part is, in fi
approximation, constant. Hence, we are dealing with a su
mation over the imaginary part of the propagator represe
ing the excitation in the superconductor. Therefore, the
periment shows the density of states related to
superconductor. The suppression of spectral weight as
served in Raman or SIS tunneling spectroscopy should
present as well, but on a lower energy scale. However,
energy scale should be comparable to the one observe
ARPES. Here, the measurements display the spectral f
tion A(k,v)}Im@G(k,v)# for selected momenta in the Bril
louin zone. Indeed, both experimental techniques show
suppression of spectral weight on energy scales that are
similar.4,5 This qualitative agreement between the differe
experimental probes shows that the observed effects
driven by the propagators of Eq.~1! and not predominantly
the vertex, even though the latter plays potentially an imp
tant role for the line-shape discription in the Raman spec
In the Raman experiment the decrease of scattering inten
in A1g geometry is accompanied by the enhancement of
B1g scattering intensity. However, as discussed in the
lowing, the latter scattering geometry corresponds to exc
tions having a magnetic rather than an electronic origin.

The effect of the superconducting transition on the m
netic excitations can be studied via theB1g geometry as
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3466 PRB 58RÜBHAUSEN, GUPTASARMA, HINKS, AND KLEIN
shown in Fig. 6. The assignment that magnetic excitati
are predominantly seen inB1g geometry is based on invest
gations carried out in the antiferromagnetic regime and
vestigations regarding the doping dependence of the
served magnetic peaks.8,6,14 In the antiferromagnetic
precursor this selection rule is a direct consequence of
commutation relation of the Heisenberg model of antifer
magnetism and the Fleury-Loudon superexchange scatte
Hamiltonian. Figure 6~a! shows results inB1g geometries
taken at 300 and 105 K. The spectra reveal a flat feature
background decreasing with frequency. No change with te
perature is visible aboveTc . Below Tc in Fig. 6~b!, a clear
enhancement of scattering intensity is visible in the f
quency range between 600 and 3000 cm21. This enhance-
ment of scattering intensity shows an enhanced coherenc
the magnetic excitations, i.e., they are less damped. Com
ing this with the reduced scattering intensity inA1g geom-
etry, we conclude that it is most likely that a reduction of t
scattering intensity of the incoherent electronic backgrou
occurs. This follows because the magnetic and electro
systems seem to become less coupled. Therefore the sc
ing intensity resulting from the coherent electronic and m
netic systems is enhanced. The enhanced coherence o
magnetic system is expressed by an increased scatterin
tensity of the magnetic peak and the enhanced coherenc
the electronic system is expressed by, e.g., the existence
pair-breaking peak around 500 cm21. Simple sum rules do
not apply, since the Raman vertices coupling to coherent
incoherent states should be different.

It is well known, that the two-magnon excitation becom
resonant towards a 3 eVlaser-excitation energy.17,18,24,35,37,38

This has been interpreted in terms of a triple-resona
mechanism.24,37,38Therefore, an important aspect is the res
nance enhancement of the rearrangement, as shown in F
The enhancement of the rearrangement towards a 3 eVexci-
tation energy is clearly visible in the data. In particular, t
feature at 1800 cm21 in B1g becomes enhanced as well. Th
is qualitatively in good agreement with the study in sligh

FIG. 6. Raman data from 50 to 7500 cm21 for various tempera-
tures. TheB1g reponses are shown at 300 K~solid! and 105 K
~dots! in ~a! and 300 K~solid! and 14 K~dots! in ~b!, respectively.
An enhancement of the magnetic scattering around 2000 cm21 is
clearly visible.
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underdoped Y-123 materials showing a similar resona
enhancement.30 However, for optimally doped BSCCO-221
the increase of scattering intensity is much sharper and st
ger than for the Y-123 system. The details of the resona
enhancement depend on the band structure of a given
tem. From Fermi-surface measurements it is known that
band structures of the BSCCO-2212 and the Y-123 syst
are indeed different.39 Thus, different details of the reso
nance enhancements are expected. This may give valu
hints about the intermediate electronic states involved in
scattering process as soon as a more detailed theory is a
able. Since the triple-resonance theory24,37,38has been rathe
successful in describing the resonance enhancement in
antiferromagnetic compounds, and since the resonance
havior is not radically changed in the doped systems,
theory might be a good start to improve nonresonant th
ries.

IV. CONCLUSION

We have investigated the low- and high-energy spin a
charge responses of Bi2Sr2CaCu2O82d single crystals with
an optimizedTc of 95 K by Raman spectroscopy, varying th
temperature and the laser-excitation energy in order to cla
the influence of the superconducting transition on these
citations.

The low-energy data reveal a gap feature inB1g symme-
try around 2D5500 cm21 exhibiting av3 power law for the
intensity of the Raman shift below the gap frequency. T
gap feature is influenced by the orthorhombicity of the cr
tals, and except for a small loss of spectral weight below 2
cm21, no indication of an opening of a gap can be seen
A1g1B2g symmetry.

The high-energy data reveal a rearrangement effect in
intensity of theB1g andA1g1B2g symmetries similar to the

FIG. 7. Raman data from 50 to 8000 cm21 for various excitation
energies. TheA1g1B2g ~solid line! andB1g ~dotted line! responses
are scaled to match above 3000 cm21. The spectra are shifted up
wards as indicated. The effective temperature is 20 K. The in
shows the resonance enhancement of the rearrangement towar
eV laser-excitation energy.
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effect seen in Y-123 compounds.6,30 The low-energy border
of the effect is close to the region where the gap feat
occurs. The rearrangement has its maximum around 1
cm21 and extends to a roughly 3000 cm21 Raman shift. We
interpret this in terms of an interaction between the rema
ing antiferromagnetic order and incoherent electronic sta
The resonance enhancement of the rearrangement sup
this assignment and is qualitatively in agreement with a p
investigation carried out in slightly underdoped Y-12
compounds.6

Our experimental results show that the rearrangemen
likely to be a general property of the high-temperature sup
conductors. It reveals a subtle interplay between electro
and magnetic excitations. The decrease of scattering in
sity in A1g geometry can be related to observations fro
other techniques, namely, SIN and SIS tunneling spect
copy and ARPES. This decrease of intensity inA1g geometry
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occurs along with the enhancement of scattering intensit
B1g geometry, revealing an enhanced coherence of the e
tronic and magnetic excitations belowTc . It seems likely
that a description of the gap feature, without understand
the properties of the high-energy Raman continuum, is ra
incomplete.
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